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Abstract
Rapid identiﬁcation of the causative microorganism is important for appropriate antimicrobial therapy of bloodstream infections. Bacteria
from positive blood culture (BC) bottles are not readily available for identiﬁcation by matrix-assisted laser desorption ionization—time of
ﬂight mass spectrometry (MALDI-TOF MS). Lysis and centrifugation procedures suggested for direct MALDI-TOF MS from positive BCs
without previous culture are associated with additional hands-on processing time and costs. Here, we describe an alternative approach
applying MALDI-TOF MS from bacterial cultures incubated very brieﬂy on solid medium. After plating of positive BC broth on Columbia
blood agar (n = 165), MALDI-TOF MS was performed after 1.5, 2, 3, 4, 5, 6, 7, 8, 12 and (for control) 24 h of incubation until reliable
identiﬁcation to the species level was achieved (score ≥2.0). Mean incubation time needed to achieve species-level identiﬁcation was 5.9 and
2.0 h for Gram-positive aerobic cocci (GPC, n = 86) and Gram-negative aerobic rods (GNR, n = 42), respectively. Short agar cultures with
incubation times ≤2, ≤4, ≤6, ≤8 and ≤12 h yielded species identiﬁcation in 1.2%, 18.6%, 64.0%, 96.5%, 98.8% of GPC, and in 76.2%, 95.2%,
97.6%, 97.6%, 97.6% of GNR, respectively. Control species identiﬁcation at 24 h was achieved in 100% of GPC and 97.6% of GNR. Ethanol/
formic acid protein extraction performed for an additional 34 GPC isolates cultivated from positive BCs showed further reduction in time
to species identiﬁcation (3.1 h). MALDI-TOF MS using biomass subsequent to very short-term incubation on solid medium allows very early
and reliable bacterial identiﬁcation from positive BCs without additional time and cost expenditure.
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Introduction
Subsequent to the introduction of matrix-assisted laser
desorption ionization—time of ﬂight mass spectrometry
(MALDI-TOF MS) for routine diagnostic microbiology [1,2],
several MALDI-TOF MS applications have been developed to
further improve and accelerate pathogen identiﬁcation [3,4].
Timely performance of microbiological diagnosis improves
pathogen-related therapy and, hence, patient management
[5,6]. In case of bloodstream infections, rapid identiﬁcation of
the causative microorganism is important for choosing appro-
priate antimicrobial therapy. However, traditional pathogen
identiﬁcation from blood cultures (BCs) takes >24 h and so is
not able to guide early choice of antimicrobial therapy in sepsis
patients [7]. Hence, novel diagnostic approaches are obviously
needed to improve early antimicrobial therapy of bloodstream
infections.
Efﬁcient use of MALDI-TOF MS for bloodstream infection
identiﬁcation is limited by the fact that bacteria and fungi from
positive BC broths are not readily available for further
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processing. To accelerate pathogen identiﬁcation, different
methods of sample preparation have been suggested to
remove blood cells and host proteins from positive BCs such
as ethanol/formic acid (E/FA) bacterial/fungal protein extrac-
tion [4,8,9]. One of these methods has been made commer-
cially available as the Sepsityper Kit (Bruker Daltonics, Bremen,
Germany) [10,11]. One disadvantage is that this method is
associated with additional hands-on processing time and costs
[11]. Here, we suggest an alternative, easy-to-perform and
practical approach of rapid pathogen identiﬁcation from
positive BCs. We systematically characterized applicability of
MALDI-TOF MS to identify pathogens from positive BCs after
very short-term pre-cultivation on solid medium.
Materials and Methods
Blood cultures
In total, 165 positive blood cultures (prospectively collected
from 140 patients) were included. Aerobic, anaerobic, paedi-
atric and fungal BC bottles (BACTECTM Plus Aerobic/F,
BACTECTM Plus Anaerobic/F, BACTECTM Peds PlusTM/F and
BACTECTM Mycosis-IC/F, respectively; BD Diagnostics, Hei-
delberg, Germany) inoculated with patients’ blood were
incubated in an automated BC system (BACTECTM 9240; BD
Diagnostics). Positive BCs were immediately analysed after
reporting signal. More than one BC from the same patient
were only included if the bottles did not belong to the same
set (aerobic and anaerobic BC bottles).
MALDI-TOF MS identiﬁcation subsequent to short-term
incubation on solid medium
Two drops of positive BC broth were plated on a Columbia
blood agar plate and spread over the plate surface with an
inoculation loop. The plates were incubated at 36°C in air with
5% CO2 using an incubator HERAcell
 240 i (Thermo
Scientiﬁc, Langenselbold, Germany). MALDI-TOF MS was
performed using intact cell procedure as described elsewhere
[2] at time-points 1.5, 2, 3, 4, 5, 6, 7, 8 and 12 h until a
pathogen was successfully identiﬁed. The spectra were
acquired using the Microﬂex LT system (Bruker Daltonics,
Bremen, Germany) and analysed on MALDI BIOTYPER 3.3
(Bruker Daltonics) software. MALDI-TOF MS analysis was
performed in triplicate, with tests performed simultaneously
on the same target slide. Criteria for successful identiﬁcation
were fulﬁlled if the score of at least one from three spots was
≥2.0 (species level) and ≥1.7 (genus level). The experiment was
stopped at the time-point of successful identiﬁcation. MAL-
DI-TOF MS was additionally performed at 24 h for compar-
ison. If MALDI-TOF identiﬁcation failed at all time-points, the
microorganism was identiﬁed by 16S rRNA gene sequence
analysis [12].
Direct identiﬁcation by Sepsityper kit according to standard
protocol
For comparison, direct pathogen identiﬁcation from positive
BCs was performed with a Sepsityper kit (Bruker Daltonics)
according to the manufacturer0s recommendations, including
E/FA protein extraction [13]. The amounts of formic acid and
acetonitrile were lowered if small pellets were observed. One
microlitre of supernatant was spotted on to target slides for
MALDI-TOF analysis.
Identiﬁcation by Sepsityper kit without E/FA extraction
For all positive BCs, an additionally prepared microbial pellet
was directly smeared onto the target slide after the lysis,
washing and centrifugation steps, so skipping E/FA protein
extraction. Otherwise, MALDI-TOF MS was performed and
evaluated as described above.
Identiﬁcation of colonies short-term-incubated on solid
medium using E/FA extraction for Gram-positive cocci
Blood cultures with detected Gram-positive aerobic cocci
(GPC; n = 34) were included in an additional experiment to
investigate whether the E/FA extraction step can reduce the
time to successful identiﬁcation. In parallel with the usual intact
cell identiﬁcation from short-term-incubated solid medium
cultures, the cultivated biomass from the same agar plate was
suspended in 300 lL deionized water and further subjected to
the E/FA extraction step as described above. MALDI-TOF MS
was performed at 2, 3, 4, 5, 6, 7, 8, 12 h until the bacterium
was successfully identiﬁed by both methods. As control,
MALDI-TOF MS was also performed at 24 h.
Results
In preliminary experiments, two drops was identiﬁed as the
optimal volume of positive BCs allowing earliest MALDI-TOF
MS identiﬁcation after being plated on Columbia blood agar
and chocolate agar (see Supporting information, Table S1). In
another preliminary experiment, there was no difference in
time to successful identiﬁcation when non-fastidious bacteria
were incubated in air or in air with 5% CO2 (see Supporting
information, Table S2). Hence, incubation in air with 5% CO2
was chosen for the main study to facilitate the growth of
possible fastidious bacteria.
Among 165 positive BCs (from 140 patients), 74, 75, 14 and
2 were aerobic, anaerobic, paediatric and fungal bottles,
respectively. Overall, 86 GPC, 42 Gram-negative aerobic rods
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(GNR), nine other bacteria, ﬁve yeasts and ten mixed cultures
were included. In 13 bottles, no microorganisms were
identiﬁed, indicating false-positive BACTEC signals. Composi-
tion of identiﬁed microorganisms is shown in the Supporting
information, Table S3.
MALDI-TOF MS identiﬁcation from short-term-incubated
solid medium cultures
For all BCs including GPC, GNR, other bacteria, yeasts and
mixed BCs, the mean cultivation times to successful identiﬁ-
cation to species level or genus level were 4.6 and 3.7 h,
respectively. Identiﬁcation to species level was successful in
24.3%, 42.1%, 64.5%, 88.2%, 90.1% and 93.3% of all isolates
after being cultivated for ≤2, ≤4, ≤6, ≤8, ≤12 and as control for
24 h, respectively. Corresponding values for identiﬁcation to
genus level were 33.6%, 62.5%, 78.3%, 92.8%, 93.4% and 94.7%
for cultivation times ≤2, ≤4, ≤6, ≤8, ≤12 and 24 h, respectively.
Data for cultivation times necessary for successful identi-
ﬁcation of the most commonly isolated pathogens—GPC and
GNR—are shown in Table 1. Among GPC, the shortest mean
time to the identiﬁcation to species level was demonstrated
for Staphylococcus aureus (4.4 h) followed by coagulase-nega-
tive staphylococci (6.1 h) and enterococci (6.2 h). The short-
est mean identiﬁcation time to species level among GNR was
achieved with Escherichia coli (1.8 h). Pseudomonas aeruginosa
required the longest mean time to identiﬁcation (3.0 h) among
GNR. Cultivation times were only slightly longer if applying a
score of ≥2.0 for at least two of three spots as a criterion for
species identiﬁcation (see Supporting information, Table S4).
This shows a good reproducibility of the described method.
The only GNR isolate not identiﬁed by MALDI-TOF was
identiﬁed as Stenotrophomonas rhizophila by 16S rRNA analysis.
Notably, identiﬁcation was reliable neither from short-term
culture nor from control culture, despite the presence of this
species in the MALDI BIOTYPER 3.3 database.
For GPC, E/FA protein extraction performed with the
cultivated biomass allowed a considerable further reduction of
time to identiﬁcation in an additional experiment (Table 2).
Among ﬁve BCs with yeasts, the early identiﬁcation to
species level was only possible for one BC (20%) and occurred
at the 12 h time-point from Kimmig agar, which was used for
yeasts. At the genus level, three isolates (60%) were identiﬁed
early with a mean time of 7.3 h.
For 80% of mixed cultures, one of the pathogens could be
identiﬁed at early time-points with the mean time to
species-level identiﬁcation of 2.8 h and the mean time to
genus-level identiﬁcation of 2.1 h. In all but one cases of GPC/
GNR mixed cultures, the early identiﬁed pathogen was a GNR.
The identiﬁcation of both pathogens was not possible at early
time-points.
Direct identiﬁcation by Sepsityper kit
Direct MALDI-TOF MS identiﬁcation using the Sepsityper kit
yielded identiﬁcation in 80 (52.6%) and 108 (71.1%) of all BCs
including GPC, GNR, other bacteria, yeasts and mixed BCs at
species and genus levels, respectively (for mixed BCs only one
of two bacteria was identiﬁed). Direct MALDI-TOF MS
identiﬁcation provided identiﬁcation at species level in 36
(41.9%) and 33 (78.6%) BCs with GPC and GNR, respectively.
Direct identiﬁcation at genus level was possible in 58 (67.4%)
and 37 (88.1%) of BCs with GPC and GNR, respectively. For
yeasts, direct MALDI-TOF MS yielded identiﬁcation at species
level in one (20%) BC and genus level in two (40%) BCs. For
mixed cultures, identiﬁcation of one pathogen was possible in
TABLE 1. Cultivation times to successful identiﬁcation of
Gram-positive aerobic cocci and Gram-negative aerobic rods
Species level
(score ≥2) (%)
Genus level
(score ≥1.7) (%)
Gram-positive aerobic cocci, n = 86
≤2 h 1 (1.2) 5 (5.8)
≤4 h 16 (18.6) 42 (48.9)
≤6 h 55 (64.0) 77 (89.5)
≤8 h 83 (96.5) 84 (97.7)
≤12 h 85 (98.8) 85 (98.8)
24 h 86 (100) 86 (100)
Mean identiﬁcation time, h 5.9 4.7
Gram-negative aerobic rods, n = 42
≤2 h 32 (76.2) 37 (88.1)
≤4 h 40 (95.2) 41 (97.6)
≤6 h 41 (97.6) 41 (97.6)
≤8 h 41 (97.6) 41 (97.6)
≤12 h 41 (97.6) 41 (97.6)
24 h 41 (97.6) 41 (97.6)
Mean identiﬁcation time, h 2.0 1.7
TABLE 2. Mean cultivation times to successful identiﬁcation
of Gram-positive aerobic cocci by matrix-assisted laser
desorption ionization—time of ﬂight mass spectrometry
using intact cells (without protein extraction) and with
ethanol/formic acid protein extraction
Time to species level
identiﬁcation (score
≥2.0), hours
Time to genus level
identiﬁcation (score
≥1.7), hours
Without
extraction
With
extraction
Without
extraction
With
extraction
Gram-positive cocci,
total, n = 34
5.4 3.1 4.4 2.6
Staphylococcus aureus,
n = 11
3.8 2.1 3.5 2.1
Coagulase-negative
staphylococci,
n = 15
6.5 3.9 5.2 2.8
Enterococcus spp.,
n = 5
5.2 2.8 3.6 2.0
Streptococcus spp.,
n = 3
5.3 4.0 5.0 3.0
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nine (90%) BCs at both species and genus levels. In GPC/GNR
mixed cultures the identiﬁed pathogen was GNR in all cases
but one (the same as by MALDI-TOF MS from short-term
cultures).
Direct identiﬁcation by Sepsityper kit without an E/FA
protein extraction step resulted for GPC, as expected, in very
low identiﬁcation rates, 10.5% at species level and 40.7% at
genus level. However, for GNR, exclusion of the E/FA
extraction step did not dramatically reduce identiﬁcation
rates, which accounted for 66.7% on species level and 85.7%
on genus level.
Discussion
An early basis for decision making is urgently required in the
case of life-threatening conditions such as bloodstream
infections [7]. Rapid microbiological diagnostics have impact
on clinical patient management and improve antimicrobial
therapy [5]. The application of MALDI-TOF MS for identiﬁ-
cation of bacterial colonies from solid media has considerably
improved and accelerated routine microbiological diagnostics
[1,2,14]. Moreover, the direct MALDI-TOF MS pathogen
identiﬁcation from positive BCs was shown to have an impact
on antimicrobial treatment in septic patients [15,16]. Hence,
direct MALDI-TOF MS is a valuable tool in BC diagnostics.
However, this method is associated with additional processing
time and costs [11,17]. Particularly, this approach needs to be
permanently integrated into the laboratory work-ﬂow in order
to be fully useful [15]. However, most microbiological routine
laboratories that use this method perform it in batches for
organizational reasons [11,16,18], e.g. twice daily [11,16,19].
During weekends and public holidays, less or no direct
MALDI-TOF MS may be performed [16]. It can be assumed
that the main advantage of this method—very rapid pathogen
identiﬁcation from positive BC in about 20 min—is clearly
weakened when the test is not performed directly after the BC
turned positive but instead is batched, i.e. when the commu-
nication of the result is considerably delayed.
On the contrary, MALDI-TOF MS performed with very
brieﬂy incubated cultures on solid media as described here can
be completely integrated into the diagnostic routine, and does
not need any additional consumables, time expenditure or
special experience. The only novel working step is to observe
inoculated agar plates much earlier, i.e. when the growth is just
becoming visible followed by MALDI-TOF MS procedure as
usual. Kroumova et al. [20] reported very good identiﬁcation
rates with MALDI-TOF MS using standard E/FA extraction
preceded by the short (2 h in average) pre-incubation of
positive BC samples in liquid medium. However, this approach
was also associated with additional centrifugation steps,
consumables and hands-on time. In our study, identiﬁcation
was possible after only 2.0 h of cultivation on agar for GNR
and after 5.9 h for GPC, on average. For GPC, additional E/FA
extraction further reduced average time to species identiﬁca-
tion for GPC to 3.1 h. Recently, a simple protein extraction
method performed directly on target plates (on-plate extrac-
tion method) was shown to be at least as good as standard
extraction for identiﬁcation of staphylococci [21]. While the
time needed for standard E/FA extraction is very short
(several minutes), application of this modiﬁed on-plate method
for the identiﬁcation of GPC from very brieﬂy incubated
cultures could provide an additional advantage of simplicity and
even shorter processing time.
As reported also from previous studies on direct MAL-
DI-TOF MS identiﬁcation from positive BCs [2,4,8,9,11,13,17],
the direct identiﬁcation was more successful for GNR than for
GPC. Interestingly, especially for GNR, the identiﬁcation
method used here applying very short-term solid medium
cultures, is a useful alternative approach.
In particular, when direct MALDI-TOF MS cannot be
performed immediately, it may be replaced and even outper-
formed by the method described here. While it takes longer
for GPC (3.1 h for GPC with extraction) than for GNR, the
MALDI-TOF MS from shortly incubated cultures, compared
with direct MALDI-TOF MS, has the additional advantage of an
increased proportion of valid GPC identiﬁcations.
Notably, the shortened direct MALDI-TOF MS procedure,
i.e. application of pellet after lysis and centrifugation skipping
the E/FA extraction step, provided satisfactory results for
GNR at species level (66.7% versus 78.6% for complete
procedure) and even more similar identiﬁcation rate at genus
level (85.7% versus 88.1%). Such an approach has been
previously implemented by Martiny et al. [19] allowing simpli-
ﬁed rapid identiﬁcation of problematic microorganisms, e.g. to
conﬁrm or exclude sepsis caused by Pseudomonas spp. in bone
marrow transplantation units or for rapid detection of
outbreak cases.
Direct MALDI-TOF MS identiﬁcation rates determined in
our study are in general similar to those achieved in other
studies [19,22]. Some authors reported higher identiﬁcation
rates, however, that rates were commonly calculated using
modiﬁed thresholds [4]. We did not apply any threshold
modiﬁcations and used the original manufacturer’s interpreta-
tion rules for species (≥2.0) and genus (≥1.7) identiﬁcation for
both direct MALDI-TOF MS and MALDI-TOF MS from
short-term cultures.
Pathogen identiﬁcation from mixed cultures is an obstacle
for both direct MALDI-TOF MS [4] and MALDI-TOF MS with
very short-term cultures, although both methods reliably
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identify one of the organisms in most cases. Mature cultures
should be controlled for purity, irrespective of the method
used for early identiﬁcation.
Rapid identiﬁcation of microorganisms by MALDI-TOF MS
after very brief incubation on solid medium might be further
advanced by automation of diagnostic processes. Automated
camera reading during incubation as well as robotized picking
up of micro-colonies and applying them to a MALDI-TOF
target would further speed up diagnostic workﬂow. Other
applications of this method, e.g. rapid detection of resistant
bacteria from selective solid media, warrant further studies.
Slow-growing organisms, e.g. isolates displaying the small
colony variant phenotype [23], would need more time to be
identiﬁed by MALDI-TOF MS. Although reported [24], small
colony variants are not frequently found in blood cultures and
we did not observe such ‘outlier’ isolates in this study.
In conclusion, MALDI-TOF MS performed with short-term
cultures on solid agar plates inoculated from positive BCs
allows very early and reliable identiﬁcation without additional
hands-on processing time and costs, in particular for GNR. For
GPC, additional E/FA extraction considerably reduces time to
identiﬁcation. Taking into account that this procedure does
not need any additional time or cost expenditure, it may be
suitable for rapid diagnostics in microbiological laboratories. In
routine diagnostics, this method might outperform direct
MALDI-TOF MS, especially at weekends, public holidays, or in
institutions where direct MALDI-TOF is not part of the
immediate routine diagnostics. Such rapid pathogen identiﬁca-
tion would mean earlier modiﬁcations to the targeted
treatment and better patient outcome. However, the latter
has to be proven in prospective controlled trials.
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matrix-assisted laser desorption ionization—time of ﬂight
mass spectrometry identiﬁcation using different atmosphere
conditions.
Table S3. Composition of microorganisms identiﬁed in
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